Cultured cells from NBS patients have impaired re-D8S270 (Saar et al., 1997) . Based on radiation hybrid data, we estimated this region to be as large as 8 Mb, too sponses to ionizing radiation, including an increased frequency of chromosomal aberrations, reduced surlarge for positional cloning (Cerosaletti et al., submitted) . However, we had also observed marked linkage disequivival in colony-forming assays (Taalman et al., 1983; Jaspers et al., 1988a) , radio-resistant DNA synthesis librium between NBS and alleles at the microsatellite marker D8S1811 located within this minimal region and (RDS) (Jaspers et al., 1988b; Wegner et al., 1988; Chrzanowska et al., 1995) , a failure to activate cell cycle checkless strong linkage disequilibrium for the flanking markers D8S271 and D8S270 (data not shown). We therefore points (Seyschab et al., 1992; Jongmans et al., 1997; Antoccia et al., submitted) , and a delayed up-regulation analyzed other polymorphic markers, which had been previously mapped to a YAC contig of the region (Hudof p53 levels (Jongmans et al., 1997; Antoccia et al., submitted) . All of these features son et al., 1995) . All these markers also exhibited linkage disequilibrium, though they showed considerably more are also observed in cells from patients with AT (Shiloh, 1997) .
overlap in allelic distribution between normal and mutant chromosomes than D8S1811. In order to understand the complex relationship between NBS and AT, cell lines from patients with these
The full extent of the linkage disequilibrium only became apparent when we constructed haplotypes for disorders have been fused and assayed for various phenotypes involving response to ionizing radiation. Comthese markers and compared them within our panel of 51 unrelated NBS patients, mostly of Polish or Czech plementation for RDS has been reported in AT/NBS cell hybrids (Jaspers et al., 1988a (Jaspers et al., , 1988b origin. Five patients, of Italian, Mexican, English, Canadian, and Dutch origin, exhibited at least one unique 1988). However, complementation of RDS has also been observed in hybrids resulting from fusions of cells from haplotype. The remaining patients shared a common haplotype across the entire interval from D8S271 to different AT patients, suggesting the existence of multiple complementation groups for AT (Jaspers et al., D8S270 ( Figure 1 ). Some patients only shared alleles at more central loci within this interval such as D8S1811 1988a, 1988b)-a finding that has not been borne out by mutational analysis of the AT gene (ATM) (Savitsky and D8S88 , suggesting that ancestral recombination events had eroded the common haplotype. We hypotheet al., 1995; Concannon and Gatti, 1997) . Microcellmediated transfer of a normal copy of chromosome 11 sized that the NBS gene must lie in the smallest segment of the haplotype that was shared by all patients who containing the AT gene did not complement the radiation sensitivity of NBS cells, suggesting that the gene muexhibited at least part of the common ancestral haplotype. tated in NBS was not ATM (Komatsu et al., 1996) . Noncomplementation was also observed in AT/NBS hybrids To refine further the extent of the shared haplotype, we identified and typed further polymorphisms from the tested for another phenotype, radiation-induced chromosomal aberrations. This latter finding has been interregion including microsatellites and SNPs (single nucleotide polymorphisms) detected in ESTs and cDNAs. Depreted as suggesting that the products of the AT and NBS genes, although distinct, may interact in a common tailed haplotypes spanning the NBS critical region could be constructed from 38 unrelated families carrying the biochemical pathway or may be parts of a common protein complex .
conserved haplotype or parts thereof. When these were arrayed based not on their descendance, but on their In order to identify the underlying defect in NBS, we have utilized genetic linkage analysis and positional degree of haplotype sharing, it became apparent that a single segment flanked by the markers H4CA-H5CA was cloning to isolate the NBS gene. Our previous genomewide search for linkage in NBS families localized the shared among all patients, independent of their geographic origin (Figure 1 ). gene to a 1 cM region on chromosome 8q21 (Saar et al., 1997) . However, the large physical size of this region, and the small number of available NBS families with BAC Contig Construction informative recombination events, limited further prog-A BAC/PAC contig was constructed for the critical reress toward gene identification. In this report, we degion between the markers H4CA and H5CA defined by scribe how linkage disequilibrium associated with a haplotype analysis. Initially, we identified BACs for common founder effect mutation among patients of D8S88, D8S1811, D8S1724, and AFM289zb5 followed Slavic origin allowed us to narrow the NBS critical region by screens for ESTs WI 8975 and StG9973. BAC ends to less than 300 kb. A gene in this region was found to were sequenced to generate new STSs, which were have truncating mutations in all NBS patients. We have used for further STS content mapping and in walking designated this gene NBS1 and its product, nibrin. Bioexperiments to identify further BAC clones or PAC chemical characterization of the function of its product clones. In total, 36 BACs and 22 PACs were used to presented in the accompanying paper (Carney et al., construct a contig, which was estimated to span 1.2 1998, this issue of Cell) reveals a clear connection beMb based on the long-range restriction map (data not tween the processes of double-strand break repair and shown). A subset of 12 BACs and PACs was used to mammalian cellular responses to DNA damage.
construct the contig spanning the NBS critical region shown in Figure 2 . Two known genes, calbindin (CALB) and 2,4-dienoyl-CoA reductase (DECR) could be placed Results on this map (Figure 2 ).
Fine Mapping through Conserved Haplotype Analysis
Transcript Detection Transcripts were identified through two strategies: (1) We previously mapped a gene for NBS to a 1 cM region on chromosome 8q21 between markers D8S271 and All known transcripts and ESTs mapped with radiation hybrids by Schuler et al. (1996) to the interval D8S270-D8S271, or to the two immediately adjacent intervals, were mapped on the BAC/PAC contig. In total, nine ESTs were mapped to specific genomic clones by PCR amplification. (2) Based on the genomic sequence obtained from low-redundancy sequencing of the entire BAC/PAC contig, additional, previously unmapped ESTs were identified through repeated database searches. By these approaches, 31 ESTs were identified, which were later consolidated into 21 cDNA contigs (M. P. et al., unpublished data). Sequences were verified against the genomic sequence to identify exons and introns and were investigated for putative open reading frames and homology to other species.
Mutation Detection
In order to search for mutations, we extracted mRNA from lymphoblastoid cell lines from 14 patients homozygous for the conserved haplotype, and one patient that was heterozygous, and amplified overlapping cDNA fragments of 300 bp average size for all transcripts identified in the 1.2 Mb region. When genomic sequence information was available for a given transcript, we also amplified exonic fragments from genomic DNA from additional patients for whom lymphoblastoid cell lines were not available. All PCR fragments were analyzed by SSCP and/or direct sequencing. Eight genes was screened for variation. Polymorphisms in three cDNA contigs, BR1, BR4, BR23, and one known gene, CALB, were identified based on their presence in both patients and controls. These polymorphisms were used as markers to refine further the haplotyping (Figure 1 ). In one cDNA contig, BR7, we identified an aberrant banding pattern by SSCP in a cDNA fragment amplified from all patients with the conserved haplotype but none of the controls. Sequencing of this product revealed a homozygous 5 bp deletion ( Figure 3 ) predicted to result in a frameshift and in premature termination 15 aa downstream. This mutation was present on all chromosomes bearing the conserved haplotype or parts thereof. It was were ordered based on their degree of overlap. Marker order was derived from our BAC/PAC contig and from the Whitehead YAC contig WC8.8 (Hudson et al., 1995) . NBS families are numbered, (FISH) using a directly labeled BAC clone containing the sequence obtained through sequencing of the BAC contig. These primers were used to screen the additional NBS1 gene as a probe localized the gene to 8q21.13-q21.3 (data not shown).
five patients who had at least one chromosome that did not carry the 657del5 mutation or the conserved Northern blots containing mRNA from 16 different tissues were probed with a 576 bp fragment from the haplotype. Mutations were identified in all of these patients, most being small insertions or deletions (Table  coding region includes 46 patients homozygous for the common 657del5 mutation, including the first patient described the database containing the 3Ј end of the transcript confirmed that both polyadenylation signals are used (Weemaes et al., 1981) , 2 patients heterozygous for 657del5 and a second mutation, and 3 patients homozyto generate the alternative transcripts. Densitometry and phosphorimaging of Northern blots were used to quantigous each for unique NBS mutations (Table 1) . We also detected three polymorphisms (Table 1) including one tate transcript levels for NBS1 relative to a GAPDH control. Three tissues, spleen, testis, and ovary, had approxnonconservative amino acid substitution at position 185 (glutamine for glutamic acid). Control probands of Gerimately 2-fold more transcripts than other tissues. The 4.4 kb transcript predominated in most tissues except man origin who were homozygous for each of these alleles were identified. testis, where the 2.4 kb transcript was more common. No significant increase in transcript levels was observed in fibroblasts after irradiation with 5 Gy (data not shown Canadians, or due to religious and cultural reasons, such their adjacent localization in nibrin, though, is remarkas Jews or the Amish, to proceed from an initial finding able ( Figure 6) . of linkage to a region of several cM down to a few hundred kilobases containing the gene. Our finding of a shared haplotype in NBS patients from various populaMutation Screening All NBS chromosomes with the conserved Slavic marker tions from central Europe, predominantly Polish and Czech, came as a surprise, because neither marked haplotype were found to bear the 657del5 mutation, suggesting a founder effect for this mutation. For subsecultural nor geographic nor religious separation is evident. All patients from these two populations studied quent mutation analysis, a set of intronic primers flanking each of the 16 exons was designed from the genomic share the same founder mutation, suggesting that this (B) Segment of genomic sequence of exon 6 in a control DNA, the patient, and the father from family F24. The 5 bp deleted in the patient is marked with a bar in the control sequence. In the sequence of the heterozygote father, a frameshift in the sequence starting at the deletion site can be seen.
mutation is of Slavic origin. The observation of the same mutation and haplotype in German, Dutch, American, and even one Greek patient is testimony to the high degree of admixture in European populations. Most recessive genetic disorders studied to date in European populations have shown a plethora of different mutations and haplotypes. The best studied exception to this rule is cystic fibrosis (CF), where a major mutation, the dF508 mutation, is found in high frequency in Caucasian populations worldwide. The current prevalence of the dF508 mutation reflects both the age of this mutation, which is estimated to have occurred more than 60,000 years ago (Morral et al., 1994) , and the likelihood that CF carriers have had a selective advantage sometime in the past (Gabriel et al., 1994) . In CF, linkage disequilibrium is barely detectable at a distance of more than 300 kb. This is not surprising considering the number of generations estimated to have passed since the from the NBS1 gene, clearly indicating that this is a much more recent mutation. The limited incidence of Gene Identification the 657del5 mutation in the general population as comUsing various known STSs for PCR screening of BAC/ pared to the CF mutation dF508 excludes selective ad-PAC libraries and several walking steps, we were able vantage in heterozygotes, in accordance with the different nature of the basic defect.
to obtain a contiguous array of clones covering 1.2 Mb.
Truncating mutations, particularly if they result in the absence of even altered protein, do not provide significant insights with regard to functional domains of the protein of interest. Although we speculate that all of the truncating mutations we have detected in NBS result in null alleles, it is of interest that all such mutations we have detected occur downstream of the FHA and BRCT domains in nibrin. In this study, we investigated only patients showing the full NBS phenotype. However, even among this highly selected group we observed genetic heterogeneity (Cerosaletti et al., submitted) and therefore termed the locus NBS1. It is possible that apart from null mutations other mutations may exist that reduce nibrin levels or lead to inactivation and hence to a milder phenotype. In AT, a characteristic of these "variants" is a later onset and slower progression of the disease (reviewed by Shiloh, 1997 ). deficiency, and chromosomal instability. This unusual combination of phenotypes is the characteristic manifestation of defective DNA double-strand break (DSB) repair, as recently reviewed by Hendrickson (1997) . The Low-redundancy sequencing (skimming) of a selection of these clones allowed positioning of a large number exposure of mammalian cells to IR induces lesions in chromosomal DNA such as strand scission, singleof previously unmapped ESTs onto the contig. Through sequencing of the corresponding cDNA clones for these strand breaks, DSBs, and base cross-links. In particular, DNA DSBs appear to be the predominant cytotoxic leESTs, a total of 21 cDNA contigs could be assembled. These various cDNA contigs extended from several kilosions, since even a single unrepaired DNA DSB can be a lethal event. Similarly, the development of the mammabases in size to near completion (M. P. et al., unpublished data). The NBS1 gene is represented by 33 differlian immune system is dependent on a site-specific DNA recombination process in creating immunoglobulin and ent ESTs, a testimony to the completeness of public EST databases, at least for transcripts expressed in a T cell receptor genes. Formation of DNA DSBs is an essential step in the V(D)J-reaction mechanism. Thus, wide variety of tissues. We also carried out exon trapping on selected BAC and PAC clones, which successthe repair of DNA DSBs is an integral feature of IR sensitivity and of V(D)J recombination (Hendrickson, 1997). fully identified two exons of NBS1. However, the skimming strategy in conjunction with detailed sequence In addition, DNA breaks regularly occur in meiotic recombination, and it is well documented that the ATM annotation and exhaustive database searches proved the most successful in positional cloning of the NBS1 protein associates with meiotic prophase chromosomes. In ATM Ϫ/Ϫ mice, the chromosomes fragment in early gene.
pachytene, leading to infertility. Gonadal dysfunction in AT patients and ovarian failure in NBS probands could NBS Mutations Mutation screening of the NBS1 gene identified a total thus be a reflection of a defect in meiotic recombination (reviewed by Shiloh, 1997) . of six distinct mutations in various NBS patients, summarized in Table 1 . The vast majority of the patients are
The identification of nibrin as the NBS1 gene product thus implies its role in the mammalian response to DNA homozygous for the common deletion mutation 657del5, which is found exclusively on the conserved Slavic hapdouble-strand breaks. This is corroborated by the identification of protein domains that have been previously lotype. Three other mutations are deletions of 1 or 4 bp, and one was an insertion of a single nucleotide. All found in DNA damage-responsive cell cycle checkpoint proteins. In the amino-terminal region, a forkhead-assoare predicted to cause a frameshift and thus premature truncation. One further mutation, 976CϾT, is a point ciated domain is present ( Figure 6 ). This domain, described by Hofman and Bucher (1995) , is possibly involved mutation creating a stop codon (Q326X) in exon 8 in a Dutch patient who is homozygous for this mutation. In in mediating phospho-ser/thr-specific interactions and has been found in Saccharomyces cerevisiae DUN1 and the accompanying manuscript, Carney et al. demonstrate that the nibrin protein is undetectable by Western RAD53, two protein kinases linking the S phase checkpoint to DNA damage repair and in Schizosaccharoblotting in five NBS patients, four of whom are homozygous for the 657del5 mutation and a fifth who is heteromyces pombe cds1, a kinase acting in the S phase checkpoint. The breast cancer carboxy-terminal dozygous for 657del5 and 1142delC. Thus, it seems likely that some or all of these truncating mutations result in main, recently described by Bork et al. (1997) , is found in a variety of diverse proteins whose unifying theme null alleles and that the majority of NBS patients will lack any functional nibrin protein. This collection of nonsense seems to be participation in DNA damage-responsive cell cycle checkpoints. mutations in NBS patients represents compelling evidence that we have indeed identified the NBS gene.
Database comparisons with the nibrin sequence failed ; Ce, C. elegans) and by protein acronyms (the kinase-associated protein phosphatase KAPP; the forkhead and -like proteins FKH1 and FHL1; the protein kinases SPK1, DUN1, and MEK1, which all have been described to act in the nucleus and to respond to signals related to DNA replication and repair; the protein kinase CDS1 known to act in the S phase checkpoint; the antigen KI67, expressed in a cell cycle-dependent manner; the FRAH protein involved in differentiation from vegetative cells to heterocysts; conceptual translations of the cosmids F37D6.1 and T10M13.12; the CAG trinucleotide repeat containing cDNA CAGF28; the BRCA-associated RING finger domain protein BARD; the DNA repair proteins XRCC1 and REV1; the oncoprotein ECT2; the breast cancer susceptibility type 1 protein BRCA1; the radiation sensitive checkpoint protein RAD9). Numbers in the alignment denote amino acids omitted from it.
to detect any global homology to other known proteins. nibrin may be the mammalian equivalent of the S. cerevisiae XRS-2 protein, which forms part of the Rad50 This was surprising, as other proteins involved in DSB repair have well conserved homologs in S. cerevisiae, complex (Carney et al., 1998) . Thus, lack of primary sequence conservation even in such an essential pathsuch as MRE11 and RAD50 from the RAD50 complex (Petrini et al., 1995; Dolganov et al., 1996) or the heteroway as DSB repair may not preclude functional conservation. dimeric Ku proteins from the DNA-PK complex (Troelstra and Jaspers, 1994; Wang et al., 1998) . DNA-PK itself, though, and the other known components of that Possible Interaction between Nibrin and ATM NBS and AT have significant overlap in their clinical complex seem, similarly to nibrin, not to be conserved in yeast. However, biochemical analyses suggest that and biochemical features, suggesting that the nibrin and well be explained by differences in the timing or tissue AL) were screened by PCR, as described above, for the microsatelspecificity of expression of their respective genes early lite markers D8S88, AFMzb289, D8S1811, and D8S1724, and for ESTs previously assigned to this region (Schuler et al., 1996) System). The labeled DNA samples (1 g) were ethanol precipitated Fifty-one unrelated NBS families, mainly of Polish, but also Czech, with sonicated herring sperm DNA (10 g), Cot-1 DNA (10 g), and German, Dutch, Italian, Mexican, Spanish, UK, Canadian, and US dissolved in 40 l hybridization mixture (50% deionized formamide, origin have been collected for this study. The diagnosis of NBS in 2ϫ SSC, 10% dextran sulfate). Chromosomal in situ suppression all families was made as previously described (Saar et al., 1997;  (CISS) hybridization was performed following standard protocols Cerosaletti et al., submitted). Blood samples were obtained from (Lichter and Cremer, 1992) . Signal detection and imaging were the families under informed consent. DNA was extracted from whole achieved using a LEICA DMRB/E photomicroscope and the Cytoviblood, using a Nucleon II Kit (Scotlab), according to the manufactursion system (Applied Imaging). er's instructions. Total RNA was extracted from lymphoblastoid cell lines that had been established from 14 NBS patients using the Transcript Detection phenol-chloroform procedure (Trizol, Life Technologies).
Primers for ESTs previously reported to map to the interval D8S273-D8S270 and D8S270-D8S257 (Schuler et al., 1996) were obtained from Research Genetics. All ESTs were typed on our BAC/PAC Haplotype Analysis contig and on YACs 829G6, 820C9, and 952E8 (Hudson et al., 1995) Microsatellite markers from the interval D8S271-D8S270 on chroby PCR amplification as described above. Clones for ESTs mapped mosome 8q21, namely AFM289zb5, D8S88, and D8S1724, were anato the region were obtained from the German resource center (RZPD) lyzed as previously described (Saar et al., 1997) using primer seand were entirely sequenced as described. quences deposited in GDB. Newly ascertained microsatellites based on the genomic sequence derived from the BAC/PAC contig were designated H3GT, H2CA, H3GTA, H4CA, and H5CA and amplified Mutation Detection First-strand cDNA was synthesized from 1-2 g total RNA with using standard conditions-5 min 94ЊC, 30 cycles (30 s 94ЊC, 30 s 55ЊC, 30 s 72ЊC) 7 min 72ЊC. Single nucleotide polymorphisms were MMLV reverse transcriptase and random hexamer primers (Life Technologies) in a final volume of 20 l (10 min 20ЊC, 40 min 42ЊC, amplified under the same conditions and detected through SSCP analysis as described under mutation detection.
6 min 98ЊC). Three microliters of this product was used for PCR amplification. Specific primers for all transcripts were designed, The order of markers previously described in YAC contig WC8.8 of the Whitehead Institute (Hudson et al., 1995) was verified through and overlapping cDNA fragments suitable for SSCP analysis were amplified. When genomic sequences were available for a given tranamplification from the three most relevant YACs, 829G6, 820C9, and 952E8. We considered as true ancestral recombination events only script, we also amplified from genomic DNA of NBS patients, using exon-flanking primers. For all amplified fragments, SSCP analysis those where the departure from the common haplotype was at least in two adjacent microsatellites or single nucleotide polymorphisms.
was performed (Orita et al., 1989) . Aliquots (3-5 l) of PCR products were mixed with an equal volume of loading buffer, denatured for Variations of a single repeat unit from the common allele in isolated microsatellites, as is the case in haplotypes F2F and F14M in Figure  5 min at 95ЊC, chilled on ice, and loaded on 12% nondenaturing polyacrylamide gels and electrophoresed under conditions de-1, were interpreted as ancestral mutational events in that microsatellite.
scribed elsewhere (Savov et al., 1992) . In parallel, samples from two controls and two parents were always run for comparison. The gels Primers The following primers were used in haplotype analysis: H3GT F, 5Ј-were scanned for aberrant migration after staining with Vistra Green on a FluorImager, and the signals were analyzed with the Im-CCGCCCTGTGATGACCTAGA-3Ј; H3GT R, 5Ј-GACAGAGCGAGAC TCCGTCT-3Ј; H2CA F, 5Ј-GCCAACCTATCCTTTGAGAC-3Ј; H2CA R, agequaNT software (Molecular Dynamics). All samples that showed an aberrant SSCP shift were directly sequenced. After identification 5Ј-GGGTACATCAGCAAGAAGTC-3Ј; H3GTA F, 5Ј-AATAGGCCATGT GGTAGCTC-3Ј; H3GTA R, 5Ј-AGGAGTTGATTGTACCGGTG-3Ј; H4CA of the common mutation and the genomic organization of the NBS gene, flanking primers were designed for all 16 exons and the re-F, 5Ј-TTAAGGAGTTGATTGTACCG-3Ј; H4CA R, 5Ј-AGTGGAGTA GAATAAGGTGA-3Ј; H5CA F, 5Ј-CAAAGTGTAAAGCACAGTAG-3Ј; maining NBS patients screened for mutations. Primers H5CA R, 5Ј-TCAAGCTGATGTGAGAAAGT-3Ј; BR1 F, 5Ј-GTAAACA GAAGCAACAGAAG-3Ј; BR1 R, 5-GGCAAGGTAATTTAATGAGG-3Ј;
The following primers were used for mutation screening: Ex1 F, 5Ј-TCATCCAAGGCAGCCTGCGT-3Ј; Ex1 R, 5Ј-TGCCATACAGCGTAC BR4 F, 5Ј-CGCTAGTTACTGTATTACTG-3Ј; BR4 R, 5Ј-ATGAAGCA AGTCACTACAAC-3Ј; BR23 F, 5Ј-CCCTATCAAATTGGTGCTAT-3Ј; TCGCC-3Ј; Ex2 F, 5Ј-CTTTGATAGCCTTCAGTGAG-3Ј; Ex2 R, 5Ј-CTCTCTCTCACATACAAACC-3Ј; Ex3 F, 5Ј-CAGTAATTGTTGTCTGC BR23 R, 5Ј-GCTAGGTCGAAGAAATAACT-3Ј; CALB F, 5Ј-AGAACT
